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We derive and experimentally confirm a three-way quantum coherence identity possessed by single
photons. The basis for traditional wave-particle duality is specifically limited by this identity. Our
experimental results demonstrate the reason for this, showing that quantum duality itself can be
amplified, attenuated, or turned completely off. In the Young double-slit context this quantum
identity is found to be directly relevant, supplying quantitative backup for one of Bohr’s philosophical
pronouncements.
Background: Louis de Broglie’s hypothesis of quan-
tum duality, presented in his doctoral thesis [1], asserted
that every quantum-mechanical entity can act as either
a particle or a wave. More than 90 years later this self-
contradiction in pre-quantum physics is accepted as truly
inescapable. Bohr’s attempts to understand it [2] formed
a foundational part of the conceptual framework of quan-
tum mechanics, following his unilateral invention of the
Principle of Complementarity. While we focus here on
duality, it will become clear that the conventional under-
standing of that Principle is also engaged.
Later conversations about duality and complementar-
ity are in debt to the 1979 work of Wootters and Zurek
[3]. They imagined two-slit experiments and a sequence
of single photons leading to Thomas Young’s interference
pattern. They analyzed the effect of knowing about ei-
ther position or momentum of the arriving photon by
observation of location or movement of a screen placed
before the slits, and found that any combination of wave-
ness and particleness can be arranged. This showed
that duality can be quantified, and established that du-
ality need not be considered as offering only an either-or
particle-wave choice.
Since that time, the dual attributes of waveness and
particleness have usually been identified in terms of fringe
visibility V and path distinguishabilityD. Quantification
allows proof of a relation between V and D:
V 2 +D2 ≤ 1, (1)
an inequality that has been derived in several ways [4–6].
For decades this inequality has served as a near universal
resource in discussions and interpretations of Young-type
experiments that have been proposed and/or carried out
for particle-wave interference (see [7, 8]).
The overlooked element in all such discussions has been
the amount of coherence that is evidently possible to
miss. That is, cases below the upper limit of the inequal-
ity are illuminating to consider. The extreme example
occurs when a quantum-coherent Young-type experiment
yields V=0 together with D=0. This is easily managed if
two slits transmit photons coherently at the same rate,
but their photons are oppositely polarized. The inequal-
ity (1) is missing something, an additional measure of
the beam’s quantum coherence which is necessarily there
when a coherent signal is present but both V and D are
small or absent.
We are reporting here quantum detection of that over-
looked portion of coherence. It appears in the form of
concurrence C [9], which is the standard qubit mea-
sure of quantum entanglement (quantum state non-
separability). This is in close alignment with the note by
Wootters and Zurek [3]. They pointed out the existence
of an analogy to the Einstein-Podolsky-Rosen scenario
[10], saying “... our choice [what properties to observe]
affects the wave function Ψ of the photon.” Our Letter is
reporting a new quantum identity showing that concur-
rence symmetrically turns the duality inequality (1) into
a single-photon equality:
V 2 +D2 + C2 = 1. (2)
We accept the view that complementarity is an in-
escapable part of the nature of every single quantum
object, e.g., a single electron, photon, neutron, atom,
FIG. 1. Artistic conception of a generic Young-type exper-
imental setup. Entanglement of the quantum state of each
single photon is suggested by the enwrapping blue cloud.
2etc., as analyzed in almost all previous studies [7, 8].
Multi-particle studies do not address the intrinsic single-
object character of complementarity, but two-particle co-
herences are known in some cases to produce similar re-
sults. See Jaeger, et al. [11], de Melo, et al. [12], and
Jakob and Bergou [13] for works that examine multi-
particle coherence.
Clearly the equality V 2 + D2 + C2 = 1 predicts that
V and D will be expelled from the coherence embodied
in a stream of single photons that is arranged to have
maximally entangled quantum states (C = 1). Its single-
quantum coherence prediction is new. Prior experimental
results are compatible with it without having tested it.
Our experimental test reported below confirms it – or-
dinary quantum V -D duality as expressed by inequality
(1) can be turned off; it is not the complete story.
In the following paragraphs this Letter provides a brief
derivation of the identity relation V 2+D2+C2 = 1, and
presents the results of the first quantum experimental
test of it. This is accomplished via Young-type two-beam,
or two-way Mach-Zehnder, interference experiments with
single-photon execution.
We have detected quantum states associated with
points in every sector of the octant of the VDC sphere,
as illustrated in Fig. 2, including even the point labeled
7. It represents the entangled pure state for V = D = C.
We have observed situations in which V and D, wave-like
visibility and particle-like distinguishability, are simulta-
neously missing. Our data shaws active quantum coher-
ence even in the domain where V -D duality is completely
turned off: V 2 = 0 together with D2 = 0, see point 5.
Taken together the experimental evidence shows the
direct impact of single-photon entanglement and, as we
explain at the end, it supplies a missing completion, an
observable foundation for the interpretation of Bohr’s
Principle of Complementarity.
FIG. 2. The orthogonal V DC axes are shown underlying
the positive octant of the V 2 + D2 + C2 = 1 unit sphere.
Experimental data that tests identity (2) is given below in
Table I for the one-photon quantum states associated with
the seven grid-crossing points highlighted by red dots.
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FIG. 3. Young’s two-slit scenario for wave, particle and en-
tanglement analysis.
Single Photon Theory: The derivation of the quan-
tum coherence identity (2) is straightforward in the stan-
dard double-slit scenario. A single photon propagates
through two slits a and b representing two possible paths
or field modes to reach the screen (or detector) c, see an
illustration in Fig. 3. The quantized light field (positive
frequency part) can be described as
Eˆ(+) = Eˆ(+)a + Eˆ
(+)
b ≃ aaeiϕa + abeiϕb , (3)
where aa and ab are the photon annihilation operators for
path modes a and b respectively, and ϕa and ϕb indicate
the phases respectively associated with the narrow-angle
diffractive propagation from the slits to screen c.
The single-photon state after the two slits can be writ-
ten as
|Ψ〉 = ca|1a〉 ⊗ |φa〉+ cb|1b〉 ⊗ |φb〉, (4)
where ca and cb are arbitrary but normalized coefficients
with |ca|2+ |cb|2 = 1, and |1a〉 and |1b〉 are single-photon
states indicating respectively one photon in modes a or
b and no photons elsewhere. Here |φa〉 and |φb〉 are nor-
malized states of all the remaining intrinsic (discrete and
continuous-variable) degrees of freedom of the single pho-
ton (e.g., polarization, temporal mode, etc.) with arbi-
trary correlation designated as |〈φa|φb〉| ≡ |γ| ≤ 1.
The standard quantifications of photon particleness
and waveness are distinguishability and visibility defined
[4, 5, 11] respectively as
D =
∣∣∣pa − pb
pa + pb
∣∣∣, V = pmaxc − pminc
pmaxc + p
min
c
. (5)
Here pa and pb are the detected probabilities of the pho-
ton passing through slits a and b respectively, and can
be computed through 〈Eˆ(−)a Eˆ(+)a 〉 ∝ pa = |ca|2 and sim-
ilarly pb = |cb|2. The maximum and minimum values of
the detected probabilities of a photon registered at the
screen (detector) c are given by:
pc ∝ 〈Eˆ(−)Eˆ(+)〉 = |ca|2 + |cb|2
+ c∗acbγe
i(ϕb−ϕa) + cac
∗
bγ
∗e−i(ϕb−ϕa). (6)
Therefore, the distinguishability and visibility of the
single photon can be obtained as
D = | |ca|2 − |cb|2 |, V = 2|cacbγ|. (7)
3On the other hand, quantum entanglement between
paths {|1a〉} and {|1b〉} and the remaining degrees of
freedom (DOFs) {|φa〉} and {|φb〉} for state (4) can be
quantified fully with concurrence [9]:
C = 2|cacb|
√
1− |γ|2. (8)
Then by comparing (7) and (8), one achieves the de-
sired three-way identity already given in (2):
V 2 +D2 + C2 = 1, (9)
an equality that is independent of any extrinsic param-
eter. It indicates a relationship among three intrinsic
characteristics of the single photon.
Experimental Test: Now we demonstrate our exper-
imental confirmation of the three-way quantum identity
(2). Single photons are generated from a defect-hosted
quantum light source in hexagonal boron nitride (hBN)
[14]. The spectrum and coherence measures of the pho-
ton emitted by the hBN defect are presented in Fig. 4 (a).
The anti-bunching observed in the second-order intensity
auto-correlation function shown in Fig. 4 (b) confirms
that the emitted light consists of a single-photon stream.
The zero-delay value is g(2)(0) = 0.29 due to time res-
olution limit, but this does not influence the reported
experiments. More details regarding this quantum light
source are provided by Konthasinghe, et al. [15].
The generated single photons are spectrally filtered
with a 10-nm bandpass filter and their polarization is
oriented with a horizontal polarizer |h〉. The photons
are then sent to the state preparation and measurement
stages illustrated in Fig. 4 (c). The preparation stage in-
volves a half-wave plate (HWP1) and a modified Mach-
Zehnder interferometer composed of a translation stage
FIG. 4. (a) Spectrum of the hBN defect-generated single
photons. (b) Second-order intensity autocorrelation function,
g(2)(τ ), measured on the spectrum presented in (a). (c) Ex-
perimental layout to test the new identity (2), as detailed in
the Supplementary Note.
in path a and a half wave plate (HWP2) in path b. With
the operations of HWP1 and HWP2 one is able to gener-
ate various single photon states before entering the com-
bining beamsplitter (BS2), i.e.,
|Ψ〉 = ca|1a〉 ⊗ |sa〉+ cb|1b〉 ⊗ |sb〉, (10)
where the ratio of the amplitude square |ca/cb|2 is con-
trolled by HWP1. Here |sa〉 = eiξ|h〉, |sb〉 = cos θ|h〉 +
sin θ|v〉 are two polarization states in paths a, b, that
specify the theoretical generic states |φa〉 and |φb〉. They
have a generic overlap γexp = 〈sa|sb〉 = e−iξ cos θ with
θ controlled by HWP2 and ξ manipulated by the trans-
lation stage (TS). As described in detail in the Supple-
mentary Note, we produced seven representative single
photon states for measurement.
The output 50/50 beamsplitter (BS2) combines the
two paths a and b, directing them to the measurement
stage, so that V , D, and C can be obtained. Fringe
visibility V is achieved by registering the photon counts
with an avalanche photodiode at the output of BS2
while continuously moving the translation stage. The
maximum photon count at final detection during the
measurements is around 2,000 per second. The particle
distinguishability D is obtained straightforwardly with
photon counts by blocking first one and then the other
of the two paths a, b. Measurement of entanglement,
quantified by concurrence C, between the path degree of
freedom {|1a〉, |1b〉} and polarization degree of freedom
{|sa〉, |sb〉} is realized by a tomographic analysis [16],
as shown in Fig. 4(c). The details of the tomography
measurement are similar to what is described in our
earlier classical analog experiment [17].
Confirming Results We measured seven different
single photon states (10) by choosing seven different pa-
rameter sets ca, cb, γexp. These states are prepared so
that the corresponding V , D, and C values represent all
characteristic situations of the three-way complete iden-
tity (2). That is, complete waveness V ≈ 1 shown by
state 1 in the Table I, complete particleness D ≈ 1 shown
by state 3, complete entanglement C ≈ 1 shown by state
5, half wave and half particle V ≈ D shown by state
2, half particle and half entanglement D ≈ C shown by
state 4, half wave and half entanglement V ≈ C shown
by state 6, and finally equal wave-particle-entanglement
behavior: V ≈ D ≈ C in state 7.
These states are also marked on the V DC octant
shown in Fig. 2, where the circled numbers correspond
exactly to the state numbers in Table I. The table’s fi-
nal column reports V 2 + D2 + C2 for each one-photon
state, 1 to 7. Those values present a confirmation of the
new quantum identity (2). As an example, one special
“equal quantum coherences” case of the three-way iden-
tity is achieved with V = D = C, indicating matching
contributions of wave, particle, and entanglement. The
4V D C sum of squares
1 0.992 0.009 0.003 0.985 ± 0.014
2 0.719 0.680 0.012 0.980 ± 0.054
3 0.068 0.994 0.008 0.992 ± 0.060
4 0.048 0.708 0.703 0.998 ± 0.084
5 0.058 0.011 0.991 0.986 ± 0.040
6 0.720 0.011 0.691 0.996 ± 0.070
7 0.587 0.568 0.570 0.992 ± 0.070
TABLE I. The measured values of visibility, distinguishability,
and concurrence, and sums of their squares: V 2 +D2 + C2.
corresponding one-photon pure state is given as
|Ψ〉 =
√
3 +
√
3
6
|1a〉|h〉+
√
3−√3
12
|1b〉(|h〉+ |v〉). (11)
The three coherences are obtained as V = 0.587± 0.006,
D = 0.568± 0.052, C = 0.570± 0.040. The density ma-
trix of the tomographically measured and reconstructed
experimental state is displayed in Fig. 5.
Concluding Remarks: We observed with single-
photon detection a three-way identity for the quantum
coherence possessed by single photons [17]. At least since
the work of Wootters and Zurek, treatments of Bohr’s
complementarity have been quantified in terms of tradi-
tional V -D wave-particle analysis. This turns out to be
incomplete. Our experimental results confirm (see Ta-
ble) that, within its identified limits, V -D duality is not
fixed and can be amplified, attenuated, or turned com-
pletely off. In the Young double-slit context the new
quantum identity (2) among V , D, and C is seen to
supplant it, confirming the importance of single-photon
quantum state non-separability (entanglement of degrees
of freedom). Our observations also point to largely unex-
plored venues for the display of multi-particle quantum
coherences.
Finally, we emphasize the relevance of these results
FIG. 5. Tomographically measured density matrix elements
of state (11) in the basis |1a〉|h〉, |1a〉|v〉, |1b〉|h〉, |1b〉|v〉.
to the Principle of Complementarity itself. Bohr’s 1949
summary of his mandate (see [18]) makes the point clear.
As he said “... evidence obtained under different con-
ditions cannot be comprehended within a single picture,
but must be regarded as complementary in the sense that
only the totality of the phenomena exhausts the possible
information about the objects”. Entanglement is a coher-
ence never considered by Bohr, and by taking account
of single-particle entanglement our experiment supplies
what may be the first quantitative backup for his deep
personal insight. Our results show experimentally that
the repeatedly derived and employed wave-particle in-
equality V 2 + D2 ≤ 1 does not exhaust the possible
information about a single quantum object (recall the
Wooters-Zurek analysis, and a speculation by Knight in
1998 [19]). The completed identity V 2 + D2 + C2 = 1,
which adds single-particle entanglement, does so and says
that by including entanglement all possible information
of a single quantum object is exhausted in a two-slit ex-
periment. Our report is of the experimental observation
of the exhaustion of the coherences of single photons.
We should also mention that our experiment stands
on the first systematic interference and entanglement
analysis of photons generated through a monolayer hBN
quantum emitter. This indicates its high quality as a
single photon source, potentially applicable to a variety
of other quantum information tasks.
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